The lipid composition of different callus cultures of Brassica napus varied according to their state of differentiation. Photomixotrophic callus was characterized by the ability to synthesize relatively high levels of triacylglycerol (TAG) which was rich in oleate. Glycosyldiacylglycerols were also detected. In contrast, heterotrophic callus was found to possess high proportions of membraneous phospholipids which were rich in palmitate, linoleate, and linolenate. Moreover, the lipid content was considerably less than that of photomixotrophic callus. Caulogenesis was achieved in both types of callus strains and the lipid composition of the regenerated leaves contained a much higher proportion of chloroplast glycosyldiacylglycerols and thus resembled more those of the parent plant. Some calli entered a senescent phase whereby there was considerable degradation of the constituent membrane lipids. Senescent callus also exhibited a high proportion of polyploid nuclei.
INTRODUCTION
Plant tissue culture techniques have been used to facilitate studies on lipid biochemistry in oil-producing plants. Cell suspension cultures of various plant species (MacCarthy and Stumpf, 1980a, b) , as well as callus cultures of Arabidopsis thaliana (Brockman, Norman, and Hildebrand, 1990) , Theobroma cacao (Tsai and Kinsella, 1981) and Brassica napus (Radwan, Grosse-Oetringhaus, and Mangold, 1978) have all been used for these studies. The lipid compositions and their constituent fatty acids have been recognized to be comparable to those of growing organs such as stems and roots of seedlings. They differ markedly from photosynthetic tissue, which is characterized by relatively high proportions of galactosyldiacylglycerols and, to a lesser extent, sulphoquinovosyldiacylglycerol (SQDG) (Harwood, 19806) . These lipids are not normally detected to any great extent in heterotrophic callus cultures.
The difference between the callus cultures and the parent plant is due to differentiation and may be a reflection of the mode of nutrition. Photosynthetic callus cultures have been reported previously (Sunderland and Wells, 1968; Manoharan, Prasad, and Guha-Mukherjee, 1987; Fitch and Moore, 1990 ) but these cultures could not be described as autotrophic because they were still dependent on an exogenous carbohydrate source. Such cultures have been referred to as being photomixotrophic. However, photoautotrophic cell suspension cultures have also been reported (Husemann and Barz, 1977;  *To whom correspondence should be addressed. Husemann, Radwan, Mangold, and Barz, 1980) . The inability of photomixotrophic callus to exist as independent photosynthetic tissues may reflect their lack of organization rather than a lack of photosynthetic potential. However, the lipid and acyl composition of photomixotrophic callus would be expected to show contributions from typical chloroplastic components.
A major problem with plant tissue culture systems as a means for investigating metabolic pathways is that they are subject to nuclear instability during extended culturing (Sunderland, 1977) . This phenomenon has been reported in wheat callus (Whelan, 1990) and rice callus (Nishibayashi, Hayashi, Kyozuka, and Shimamato, 1989) . Some nuclear changes are influenced by the age of the culture, composition of the medium, and the individual plant species involved. These may be observed as chromosomal aberrations and general cellular instability (Tran Thanh Van, 1981) . The latter can result in the appearance of polyploid nuclei. Such cytological abnormalities correlate with a lack of regenerative potential (Taha and Francis, 1990) . Therefore, the nuclear ploidy level and the subsequent organogenetic potential of callus can be regarded as an indication of its totipotency.
In this investigation we report the acyl and lipid class composition of the various types of callus cultures from oil-seed rape, as well as that of regenerated leaf tissue. The polyploid levels and cytological structures within the cultures have also been reported. It is clear that calli in different stages of differentiation exhibit obvious differences in lipid composition which reflect their varying subcellular morphologies.
MATERIALS AND METHODS
Tissue culture protocol Brassica napus L. cv. Drakkar (a low erucate cultivar) seeds were surface-sterilized with 4% sodium hypochlorite (w/v) for 20 min and imbibed for 4 to 6 h in cold running water. The seeds were aseptically germinated at 25 °C.
Etiolated embryos were aseptically excised and dissected before culturing on Murashige and Skoog medium (Murashige and Skoog, 1962) which was supplemented with an auxincytokinin combination (2,4-dichlorophenoxyacetic acid [2,4-D] 12 fiM, N 6 -benzyladenine], 5-6 ^M). The cultures were incubated at 25 °C with a 12 h light/dark cycle and they were subcultured at six-weekly intervals. The light was provided by cool white fluorescent tubes (20/xmol m" 2 s" 1 ). Areas which developed green pigmentation were excised from the heterotrophic callus cultures and from these photomixotrophic callus cultures were derived. Organogenesis was achieved by transferring callus cultures from a medium supplemented with plant growth regulators (see above) to a medium devoid of them.
Extraction and lipid analysis
Lipids were extracted by a high-salt extraction method (Garbus, De Luca, Loomans, and Strong, 1963) . This extraction method has been shown previously to be very efficient for plant acyl lipids (Smith, Douce, and Harwood, 1982) especially polar components (Harwood, 1980a) . The extracted lipids were purified by thin-layer chromatography using pre-coated (E. Merck, Darmstadt, Germany) silica gel plates. Neutral lipids were separated using a solvent system consisting of petroleum ether (60/80 °C fraction)-diethyl ether-acetic acid (80:20:1, by vol.). Polar lipids were separated using a solvent system consisting of chJoroform-methanol-acetic acid-water (170:30:20:7, by vol.). Glycosyldiacylglycerols were further resolved by two dimensional thin-layer chromatography using a second solvent system consisting of acetone-acetic acid-water (100:2:1, by vol.). Lipid bands were revealed by spraying with 1-anilino^-naphthosulphonic acid in methanol (0-2%, w/v) and viewed under UV light. Individual lipids were identified by cochromatography with authentic standards and their identity confirmed by the use of specific spray reagents (Kates, 1972) .
Fatty acid methyl esters (F.A.M.E.s) were produced from total lipid fractions and purified lipid classes by acid-catalysed transmethylation. These were purified and analysed by gas chromatography. Analyses were performed on a Perkin-Elmer F33 gas chromatograph using a glass column (40 mm x 2-0 m) packed with EGSS-X (15% w/w) on Chromosorb WAW (120 mesh) at 185 °C. F.A.M.E.s were quantified using heneicosanoic acid as an internal standard.
Microdensitometric analysis of ploidy levels
Calli and leaf tissue were fixed in Newcomer's fixative (Newcomer, 1953 ) for at least 48 h. Permanent squash preparations were prepared as previously described (Silcock, Francis, Bryant, and Hughes, 1990 ) and analysed using a Vickers M85A scanning microdensitometer at a wavelength of 560 nm. Each squash preparation was normalized by recording the integrated densities of half-telophase (2C) nuclei. Fifty interphase nuclei were scored per squash preparation and the proportion of polyploid nuclei (>4-8C) was calculated (where 1C is the nuclear DNA amount in the unreplicated nuclear genome of a gamete).
Electron microscopy
Rape callus samples were fixed in 2% glutaraldehyde (v/v) in 0-1 M sodium cacodylate buffer, pH 7-4, containing 3-0raM calcium chloride, for 2 h at 4 °C and post-fixed with I % osmium tetroxide (w/v) at 4 °C for 1 h. Following osmication the calli were bloc-stained in 0-5% uranyl acetate (w/v) at 4 °C for 1 h.
The samples were dehydrated through a graded ethanol series before undergoing infiltration for 20 h in a mixture of ethanol and ERL resin (1:1, v/v) (Spurr, 1969) and then embedded in pure ERL resin at 70 °C for 24 h.
Sections were cut on a Reichert 0MU4 ultramicrotome and mounted on celloidin-carbon coated copper grids and counter stained in 2% uranyl acetate (w/v) for 30 min and Reynold's lead citrate (Reynolds, 1963) for 10 min. Ultrastructural examination of samples was performed with a Philips EM 400T electron microscope.
RESULTS AND DISCUSSION Newly initiated heterotrophic callus was cream-coloured and was either friable or hard and compact. The cultures exhibited low levels of polyploid nuclei during the initial period of culturing. At the time of each subculture a proportion of callus was transferred to a culture medium devoid of plant growth regulators. Organogenesis was subsequently observed after a period of 8 weeks. The regenerated plantlets were noticeably caulogenic although roots that did grow were not well developed.
With the passage of time a degree of differentiation was observed. Some cultures developed into brown callus and possessed high levels of polyploid nuclei (44% ,  Table 1) , suggesting a high level of cellular instability possibly as a result of extended exposure to 2,4-D (Sunderland, 1977; Armstrong and Francis, 1987) . Organogenesis was considerably reduced in such callus. Senescent callus cultures have been previously reported to exhibit marked changes in their lipid composition (Manoharan, Prasad, and Guha-Mukherjee, 1990) .
In contrast, other cultures developed green pigmentation, indicating the presence of chloroplasts with the concomitant photosynthetic potential. Green callus growth in other plant species has been previously reported (Sunderland and Wells, 1968; Manoharan et ai, 1987; Fitch and Moore, 1990) . Photomixotrophic rape callus cultures possessed low levels of polyploid nuclei (7%, Table 1 ) and retained their organogenetic potential.
Most of the major plant lipid classes were identified in the heterotrophic and photomixotrophic cultures, although the glycosyldiacylglycerols were present in only low amounts in the heterotrophic callus (Table 1) . Senescent callus appeared to enter an apoptotic phase whereby there were marked changes in the lipid composition. Membrane disassembly and deterioration were observed by electron microscopy (data not shown) resulting in progressive degradation of the callus accompanied by the gradual hydrolysis and oxidation due to phospholipases, acyl hydrolases and lipoxygenases. Table 1 shows the relative lipid content of the calli and that the photomixotrophic callus (44 mg lipid g" 1 fr. wt.) was characterized by its ability to accumulate TAG, whereas membrane phospholipids predominated in the heterotrophic callus.
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The latter observation indicated that the calli cells were primarily producing membraneous material. Predictably, the regenerating leaf tissue (Plate 1) showed a relative increase in the amount of major chloroplast lipids, the glycosyldiacylglycerols (Table 1) The acyl composition of individual lipid classes were examined and the results for the heterotrophic cultures shown in Table 2 . Not surprisingly, there were no significant differences in the acyl compositions of TAG and diacylglycerol (DAG). Both fractions contained palmitate and stearate as their major saturated moieties, oleate as the main monoene moiety and rather high amounts of polyunsaturated constituents, especially a-linolenate. The main membrane lipids, phosphatidylcholine (PtdCho) and phosphatidylethanolamine (PtdEtn), showed rather similar compositions to the neutral acyl glycerols (Table 2) . This contrasts with the situation for most plant tissues in vivo (Hanvood, 1980a) , but is comparable to that reported for B. napus cells grown under the same culture Fatty acids are shown with the number before the colon showing the number of carbon atoms and the figure after indicating the number of double bonds. The unsaturated fatty acid components were virtually exclusively palmitoleic (16:1), oleic (18:1), linoleic (18:2) and a-linolenic (18:3) acids, tr = trace (<0-5). For further abbreviations see Table 1 .
Results show means ±s.d. (n = 3).
PLATE 2. Electron micrograph of photomixotrophic oil-seed rape callus. Clusters of chloroplasts and oil bodies are well seen. Scale represents 1-0 (im. Chloroplast (C), mitochondria (M), nucleolus (N), oil body (OB).
conditions (Radwan et al., 1978) and other plant tissue cultures (Tattrie and Veliky, 1973) . The photomixotrophic callus had evidently entered a differentiation phase with the development of chloroplasts (Plate 2). The cultures had higher amounts of all lipid classes with glycosyldiacylglycerols achieving significant concentrations on a fresh weight basis. Even though the green cultures possessed the photosynthetic apparatus it was highly unlikely that they could exist independently as autotrophs. This probably reflected their lack of organization and small numbers of chloroplasts rather than their photosynthetic potential. Even though the genomic expression for the biosynthesis for storage products, such as TAG, is usually correlated with the appearance of organized tissue, the photomixotrophic callus exhibited the ability to synthesize and accumulate relatively high levels of this lipid. The oil-bodies, which presumably contained this TAG, became prominent organelles in many cells as viewed by electron microscopy (Plate 2).
When the acyl compositions of the lipid classes from photomixotrophic cultures were examined (Table 3) differences were seen, in keeping with the partial differentiation of this tissue. Particularly noticeable was the enrichment of polyunsaturated fatty acids in the major membrane lipids, PtdCho and PtdEtn. Thus, these phospholipids had a distinct composition compared to storage TAG, in keeping with analyses from whole plants (Harwood, 1980a) . TAG which was a major component in photomixotrophic cultures (Table 1) was relatively enriched in oleate compared to heterotrophic cultures (Tables 2, 3 ). This accumulation of oleate resembled the situation in maturing seed tissues of B. napus (Appelqvist, 1975) .
Regenerating leaf tissue showed a lipid composition which had begun to resemble typical plant leaves (Harwood, 1980a ) rather than tissue cultures (Table 1) . Thus, glycosyldiacylglycerols had become significant components (29% total) with, for example, the plant sulpholipid now readily detectable. Furthermore, individual lipid classes now showed the pattern of acyl groups again representative of the typical leaf components of B. napus Abbreviations: See Tables 1-3 . DGDG = digalactosyldiacylglycerol, SQDG = sulphoquinovosyldiacylglycerol, tr= trace (<0-5). 'Hexadecatrienoate (16:3) .
Results show means ±s.d. (n = 3) (Table 4 ). For example, the two galactosylacylglycerols were highly enriched in a-linolenate and monogalactosyldiacylglycerol (MGDG) especially so. MGDG also contained hexadecatrienoate. In addition, SQDG contained palmitate, linoleate, and a-linolenate as major components-again typical for sulpholipid from leaves (Harwood, 19806) . Moreover, /rtf/w-J3-hexadecenoate was detectable in phosphatidylglycerol (data not shown) as expected for photosynthetic cells (Harwood and James, 1975) . Thus, the leaf tissue differentiating from the cultures had the expected lipid composition, compatible with its developing photosynthetic potential. The results reported here have shown that it is possible to culture oil-seed rape callus which shows considerable differentiation and, in particular, as in the developing rape seed, accumulates TAG to a significant extent. The fact that this TAG has an acyl composition enriched with oleate means that such calli should prove useful in studies on metabolic regulation. The way in which oil seeds control the quality of their accumulating TAG is obscure. Thus the possibility of testing hypotheses with tissue cultures, as well as with developing seeds, is attractive given the ease of manipulating culture conditions.
